One contribution of 24 to a discussion meeting issue 'The challenges of hydrogen and metals' . This discussion session concerned experimental and theoretical investigations of the atomistic properties underlying the energetics and kinetics of hydrogen trapping and diffusion in metallic systems.
Question 1

Mike Finnis
I just wanted to clarify the discussion about deep or shallow traps. If the traps are deep they may not release hydrogen, but that is okay if they act in a way to sequester the hydrogen that is already there. On the other hand the traps will only sequester the hydrogen until they become saturated, that is until the chemical potential becomes high enough for the hydrogen to escape. So, would you say, given the choice between a deep and a shallow trap would you much rather have a deep trap?
Tilmann Hickel
There is no straightforward answer I'm afraid. It is perhaps related to the discussion we had before about the difference between internal and environmental hydrogen embrittlement. For the internal case, which involves the hydrogen coming from the production process, like from the galvanization for instance, that happens at high enough temperatures, then deep traps somewhere in the middle of the precipitate might be useful because the hydrogen goes there and then doesn't get out again. When you speak about environmental hydrogen embrittlement hydrogen is continually provided by the environment, and then since hydrogen is not able to reach the deep-trapping sites which require more thermal energy to penetrate, e.g. precipitate inside, the shallow sites, such as precipitate interfaces, might be more relevant.
Question 2
Mick Brown I was wondering in these calculations can you include easily the changes in bond-stretching and bond-bending in these composite hydrogen containing structures which might have a powerful effect on their ability to propagate plasticity, to let dislocations pass through them, or indeed to impede them and become brittle.
Tilmann Hickel
All the interactions of the deformation modes in hydrogen trapping can be included. An example is shown in figure 1 , considering the stretch at the interface between cementite and the iron matrix. When you increase the strain, you increase the energy of the chemical bonds and the energy of the total structure and at a certain point it fails. This failure really depends on hydrogen. the interface. Our upcoming article (co-authored with Eunan McEniry) is going to show the stress/strain behaviour and you see on the one hand that the critical strain is reduced and the barrier for fracture formation is slightly reduced by hydrogen. This is still a rather ideal setup, we should not quantitatively compare these numbers, but qualitatively they can be regarded as an indication of the hydrogen-induced failure. In addition, whilst straining the system, the probability of hydrogen going into the critical region is also increased which further affects the susceptibility of the system.
Question 3
Adrian Sutton
To follow up on Prof. Brown's question, I think the key thing you have access to is the charge density. So if you look at the charge density around a hydrogen atom while it is sitting either in a vacancy or an interstitial site, do you see that the charge density is basically spherical? Or are there lobes going towards neighbouring atoms indicating directional bonding which would inhibit shear processes?
Tilmann Hickel
We have looked at the interaction between hydrogen and vacancies. Our model shows that hydrogen prefers to chemical bond to an iron atom as opposed to another hydrogen atom which might be around in the vacancy. So this is already an indication for some kind of directed chemical bond. However, it will never make just a chemical bond to one iron atom, but it likes to have a rather large configuration of several iron atoms. Fourfold co-ordination might be favourable depending on the crystal structure. This may be an indication that it is not clearly directional but it is distributed to several atoms. 
Adrian Sutton
Eunan Mceniry
The answer is it depends on the structure. Although we have not looked at this one (H-interaction with a vacancy), regarding our DFT calculation of the hydrogen interaction at grain boundaries, on certain types of grain boundaries we do see strong binding, we do see s-d hybridization at complex grain boundaries, while we do not see much at the more bulktype Σ3 type grain boundaries, it is more a kind of classical volume effect. Whereas when you look at the more complex grain boundaries you see more directional behaviour. But in general how to plug that into a more sophisticated model that's much trickier.
Question 4
Salim Brahimi I'm following up on one of the previous questions about trap sites. It's a fascinating conversation to me, because trap sites will invariably be a double-edged sword. And the ability to impede or release hydrogen depends on the conditions; primarily, temperature, heating rate, and stress field. Do you have a vision to utilize your fundamental work to characterize these trap energies to experimentally determine whether the traps are beneficial or a hindrance? 
Tilmann Hickel
Jutta Rogal
You can do it either way and it doesn't matter. So the things that I showed you here these were just very simple model systems where we were trying to see the effects of different things. In this case, we always did the hydrogen loading at the bottom of the sample ( figure 3 ), but we can also distribute it randomly or according to the thermodynamic distribution in the traps.
Reiner Kirchheim
Continued. Do the hydrogen atoms have to find the traps during the simulation? Or because as the temperature increases the hydrogen have found the traps and it is independent of the initial conditions. Correct?
Jutta Rogal
Well, in this model, since the sample is so small, some of the hydrogen actually went out of the sample before meeting traps. But of course the real scenario depends on many factors such as sample size, hydrogen diffusion length, or trap density. But in principle, we can set the initial condition in any way we want.
Question 2
Mike Finnis This is great progress in the modelling of the desorption profiles. The challenge in theory and experiment is perhaps the reverse engineering to get out what kind of traps there might be. Is there some strategy that you can recommend or suggest to experimentalists to help in this reverse engineering problem which we are faced with?
Jutta Rogal
This is a little bit what we tried to figure out with all our model simulations. If you look at this experimentally, especially for bulk systems, it is a challenge to get a well-defined specimen that actually has the right properties which you want to have. Already in surface science, where they have ultra-high vacuums, they can get very well defined spectra, but for bulk spectra it is a little more complicated. If we can look atomistically at the different effects then maybe we could suggest an experiment, or a series of experiments, which could then isolate the effect of a particular trap. that you measure. We are not quite at this stage but these simulations could be used for that.
Question 3
George Smith One thing we have not discussed very much is the role of carbon, which is ubiquitous in steel. It seems there are several potential impacts. For example, if you have a vacancy in iron, then it seems there is a strong probability to have vacancy-carbon pairs [2] [3] [4] , which means carbon has got there before hydrogen. Also, we know carbon segregates strongly to dislocations and, very much, at grain boundaries. Therefore, a lot of interaction energies may not be simply hydrogen with defects but also with the defects where there is carbon already present, and that could change many things. For example, the classic case for embrittlement if you have pure iron with phosphorus present then the grain boundaries are embrittled, but if it is an iron-phosphorus-carbon compound the phosphorus doesn't cause that embrittlement. Also we heard about baking this morning which doesn't always work. If you cook a steel at 200 • C you may bake out the hydrogen but you are going to strain age it with impressive effect. I wonder if at any point you have addressed the potential role of carbon in these interactions.
Jutta Rogal
So at present we have only looked at these very simple model systems.
The key quantity that we rely on in kinetic Monte Carlo is the energy barriers that we put into the atomistic processes. So if we want to make our model more complex, then essentially what we need is all the energy barriers in all the different processes then we can see how they affect TDS results. However, real materials are infinitely more complex than what we are looking at here. And this is what makes it so difficult to analyse these spectra. So again the contribution we are making here is to pinpoint the effect of, let's say, isolated different defects which then points the way to extract spectra from complex materials which is the sum of all kinds of different effects.
Tony Paxton
Can I answer you George [Smith] , from the very, very small amount of data that we have from atomistic simulations. Currently, at least from my experience, hydrogen and carbon tend to ignore each other. I've done a little simulation, using quantum mechanics, of a vacancy in BCC iron, and put in two carbon atoms, and they've formed a little C 2 dimer, and there is a hydrogen trapped there as well, and I've run this simulation for some tens of picoseconds and they just stay away from each other. The carbon stays in one corner of the box and the hydrogen floats around in the other corner. So from this small amount of data it appears the carbon and hydrogen simply ignore each other. They certainly don't form a carbon-hydrogen bond as far as I know. I don't think you would expect to see hydrocarbons forming within a steel, and that is because that covalent bond can't exist because it will be oversaturated, because to answer Adrian's [Sutton] question about s-d hybridization the s-band of the hydrogen is several electron volts below the bottom of the iron d band. So there isn't a great deal of scope for s-d hybridization [5] . Carbon is different of course because its p-level is sitting right in the middle of the d-manifold.
Reiner Kirchheim
Also a follow-up to Prof. Smith's question on the role of carbon, it is also related to kinetics. Question 1
Dave Rugg
If we had a scenario where I had a system and I had relatively weak traps and, essentially, I saturate them, but just saturated them, if I then apply a stress even in the absence of dislocations, where it is enough to pull the hydrogen out of the traps, I could effectively get an increase in hydrogen diffusion rate just by applying a stress. 
Reiner Kirchheim
due to that, but if you put larger substitutional atoms into the system straining the lattice homogeneously like tensile stress then we measured larger diffusivity of hydrogen.
Dave Rugg
Continued. Does that mean it is quite profound to raise tensile stresses up if you are in the situation, which you quite often will be, of just being on the border of saturating the traps that are present?
Reiner Kirchheim
This, as we discussed before, depends on the external chemical potential and the reservoir that you have. If you have deep trap sites, you fill them up from the reservoir. If you continue in time with stresses above the yield point, then you have the free hydrogen going to the generated defects. I think what is important for the fracture process and crack propagation is not the increase in the hydrogen concentration in front of the crack tip, it's the chemical potential of hydrogen affecting the formation energy of defects. So it means if you have a very corrosive substance like H 2 S, you increase the chemical potential dramatically, and then you form cracks without having external stresses. This is a different story though.
Question 2
William White
Have you been able to measure the diffusion of hydrogen as the dislocation is moving with trapped hydrogen in the dislocation? Because obviously there is an order of magnitude of difference in velocity.
Reiner Kirchheim
That is a very difficult experiment to do. If you do it in permeation experiments you also change the entrance activity of hydrogen. All the papers I have seen so far have no direct evidence showing that this phenomenon occurs. And we have not yet seen any evidence of pipe diffusion, i.e. enhanced hydrogen diffusion along dislocation cores. It is always trapping we see. The dislocation line has to go a long way through the material for pipe diffusion to contribute to permeation and this is rarely the case.
Question 3
Adrian Sutton
You are assuming a classical picture involving a saddle point configuration where the hydrogen has to go over that saddle point. But isn t the nature of diffusion of hydrogen more like a small polaron model where the energy landscape actually changes in such a way as to align the energy of the final configuration with the initial configuration so that tunnelling can take place [6] ? And it is still a thermally activated process because atoms have to move to align those energy states but the physics is really fundamentally different from the physics you were describing in your talk.
Reiner Kirchheim
You are absolutely right. I was concerned about that and people have asked that same question before. That is why I worked on a random walk model as well. What counts there is the time of residence and if this is larger than the time required for the site exchange process. What does matter is that according to the ergodic hypothesis of statistical thermodynamics the time of residence is proportional to the occupancy which is independent of how the hydrogen moves. So as the traps are filling up, the sites of higher energy have to be occupied with a shorter time of residence. increasing hydrogen concentration. As such we do not need to assume any thermally activated transport and the result will be the same as shown in detail in the written manuscript.
Question 4
Pedro Rivera I have a question which is more of a thought experiment than a question. If you alter the chemical potential through the addition of hydrogen and this in turn effects the diffusion of hydrogen can you conceive of any direct method to measure that chemical potential variation rather than the diffusion itself to compute the diffusivity?
Reiner Kirchheim
At steady state, the flux is constant and independent of time. Therefore the gradient of the chemical potential has to be constant as well. And this gives you the information of the chemical potential on the entrance site, namely the concentration of free hydrogen on the entrance side, which can be changed by gas pressure or electrochemical potential. But changing the electrochemical potential of steel is difficult due to the modification of surface conditions over time. You deposit impurities on the surface of your steel changing the chemical potential of hydrogen this way. I am not aware of a direct measurement of the chemical potential but maybe you can do it via the use of a thick sample and local probes. 
Isotopic tracing of hydrogen transport and trapping in nuclear materials
Frantz Martin
We did both. The TDS spectra presented here, figure 4, were performed after cathodic charging (3 h at 80 • C) and undeformed samples and samples with deformation up to 20%, at different deformation rates (2 × 10 −3 and 10 −4 s −1 ). The elapsed time between the end of the cathodic charging and TDS was the same for all specimens, i.e. 2 h including tensile test and re-polishing of the tensile specimens to remove surface traces of slip lines. The overall desorption time was identical for all specimens before TDS. The cathodic charging was not uniform (diffusion profiles from the surface), knowing the low diffusivity of hydrogen in nickel at this temperature. However, the figure presented here shows clearly that ageing combined with deformation does not have much affect on the low temperature desorption, whereas at low deformation . Deuterium thermal desorption spectra of single crystal nickel at different elongations [7] .
rate, the very low desorption occurring at room temperature seems to indicate that the dislocations have caught some hydrogen that was in the lattice. This shows the trapping/sweeping of 'free' hydrogen by dislocations (probably evidenced by the increase in the high temperature (600 K) shoulder).
Question 2
Reiner Kirchheim
For the case of tungsten and the blisters induced by deuterium bombardment (figure 5) from [8] , they measured the amount of hydrogen by drilling a hole into the sample. Knowing the volume of the blisters, if you have total relaxation of the elastic stress, and knowing the amount of hydrogen allows you to calculate the pressure, did they do so?
Frantz Martin
Yes, that was what they did. That is how they found out that it should be elastic in some cases, but in some other cases it could not be elastic considering the pressure that they measured and the residual deformation observed after blister relaxation. And also they saw the blisters just grow intergranularly (contrary to iron blisters in general): when they make a cross section after opening a blister, they notice it goes back almost in place, only a small void is visible in place of the former blister.
Reiner Kirchheim
That is different to iron where we see a lot of plasticity.
Frantz Martin
Yes. But it is still interesting to show because they are both BCC materials. In this paper, the material studied is cold rolled tungsten, annealed for one hour at 920 • C (not enough to achieve full recrystallization). It therefore contains a lot of residual defects. The yield strength of such material is thus much higher than the one of iron; this could explain the main 'elastic' behaviour of blisters as compared to iron.
Reiner Kirchheim
It is more difficult to form a dislocation in tungsten.
Frantz Martin
Yes, indeed. Futher TEM observations of the blisters may show some local enhancement of the dislocation density presumably, but no literature provides hard evidence of this yet. 
Question 3
Afrooz Barnoush I would like to go back to figure 4 where you show the differing diffusion rates of hydrogen at different strain rates. I wonder if you see any signal on your stress/strain curves, as well, which could provide further confirmation for this effect. Because I assume here you are saying that dislocations are just trapping the hydrogen and this is the reason you get a lower concentration. Am I that right?
Frantz Martin
Actually we did not see much difference in the stress/strain curves of those tests but they were performed on a not particularly good tensile testing machine. We assumed that the effect that was observed was sweeping of hydrogen by dislocations. Moreover, if you integrate the desorption flux, please note it was presented in a log scale, I am not sure there would be a big (and relevant) difference in the total amount of deuterium released in both TDS experiments. You may have some desorption due to dislocations coming to the surface but we do (a) Figure 6 . Enhanced tritium desorption (a) during tensile testing (b) of a single crystal superalloy specimen [9] . not see much difference in the total amount of deuterium before and after the tests. According to the amount of plastic deformation and the carrying capacity of dislocations, it can be shown that the total amount of hydrogen transported and released at the surface is small with respect to the total amount of deuterium present in the sample.
Question 4
Alan Turnbull Just on the same issue. I was just trying to get some clarification regarding figure 6. When you think of these kinds of experiments you're obviously disturbing the surface where you've got an oxide film, so you're always in the hands of oxidation, and the question is always how do you separate that out from anything to do with mobile dislocations actually dragging the hydrogen. I quite like the idea of mobile dislocation. I see implications in some work I did many years ago but the range of movement is very small just because of obstacles like grain boundaries but I think interpreting these experiments is very difficult where you're disrupting the surface. It's very hard to be sure that you have hard evidence.
Frantz Martin
I agree, concerning the strain-assisted desorption of tritium (figure 6), the possible barrier effect of oxide films needs to be considered. However, in these experiments the tritiated tensile specimens are carefully repolished before straining, so the natural oxide layer grown on the surface in dry air is very thin and it is not expected to strongly impede figure 6 by the significant background desorption of tritium recorded before straining. Moreover, as tensile straining is conducted in an inert organic scintillation cocktail, there is no local repassivation of the surface (on slip lines) after the very first step of plastic deformation. It is however usual to observe a drop in the tritium release rate when both tensile straining stops and stress relaxation drops [10] . This is a strong indication of a tritium release associated with dislocation dragging. Also, the observed dependence of the tritium release rate as a function of the density of grain boundaries (grain size) or of dislocation density (stain level) is in favour of dislocation transport [11, 12] Alan Turnbull Continued. (Regarding figure 4) But you're measuring the hydrogen coming off, or the deuterium coming off, but the actual rate it comes off is actually determined by the rate at which you disturb the oxide film which is still on the surface so the dislocations might be disturbing that film and therefore increasing the hydrogen desorption flux. It's an alternative explanation I'm not saying it is the perfect explanation. I haven't thought enough about it. It has always been my concern in these sort of experiments that you've got other factors going on and you have to isolate the two different possible explanations.
Actually the thermal desorption here was performed after the tensile test. It was not performed during the tensile test. So there is no perturbation of the surface. Concerning the tritium desorption measurement during tensile testing in figure 6 , of course when a dislocation reaches the surface, you have a free metal without oxide, promoting desorption of hydrogen as you suggest, I agree again. Let me show you another experiment performed on the same material (γ /γ ' single crystals). Under identical conditions [9] , we did not notice any enhanced desorption in the plastic range from figure 7, because we suspect that due to the very high plasticity rate the dislocation moved very quickly and did not move the hydrogen to the surface, so what we see is that we have here a tritium burst after a fracture. It is difficult to conclude about the origin of the tritium accumulation near the fracture surface: dislocation transport or influence of the tritium enrichment in the stress field that can be released at fracture, or both. However, the influence of the tensile testing conditions shown in figure 8 suggests a significant role of dislocation transport.
Question 5
Reiner Kirchheim
Regarding the experiments with nickel, and nickel charged with deuterium measuring a higher nickel signal at the presence of deuterium. Couldn't that be interpreted in the way that you increase the ionization probability instead of lowering the nickel-nickel bond energy?
Frantz Martin
There is always a doubt about that. It could be both actually. You are right, but, in the meantime, for the given working conditions of the primary ion beam, I would like to point out that a decrease of the ionization probability (yield) is usually a consequence of a drop in the metal-metal binding energy. It could also be an effect of the hydrogen in hydrogen-stabilized vacancies, which decreases the metal-metal binding energy. 
Question 6
Pedro Rivera
What is the main challenge for designing hydrogen-embrittlement resisting materials in the nuclear industry? 
Frantz Martin
In the nuclear industry (I mean the actual fission nuclear power plants), I would say one of the biggest challenges is the work on the Ni-based alloys in the tubes because we worked here on the A600 which is really sensitive to stress corrosion cracking onset and once it has set on it is really easy to propagate. We need to find the proper alloys to replace them. At the moment A800, which is a stainless steel, or A690, which is a nickel based alloy, are the candidates for A600 replacement. The problem in the studies concerning those alloys is they are very slow to initiate a crack but quick to propagate, so we need to understand these propagation mechanisms or crack-initiation mechanisms, more specifically, to understand the heat treatments or the surface treatments that we could apply to these materials in order to limit the corrosion rate which is responsible for the hydrogen uptake in service. In the fusion community, the main challenge is related to the numerous problems associated with tritium confinement and inventory.
